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BACKGROUND OF THE INVENTION 



>- ^Cross-Reference to Related Application 

This application claims the benefit of provisional 
15 application U.S. Serial No. 60/026,796, filed September 27, 1996. 

Field of the Invention 



biochemical endocrinology and receptor chemistry. More specifically, 
2 0 the present invention relates to novel oxy-sterol ligands for the LXR 
receptor and uses thereof. 

Description of the Related Art 

All-trans retinoic acid and 9-cis retinoic acid are 
2 5 metabolites of vitamin A that mediate tissue specific expression of 
target genes. This is accomplished through binding of two classes of 



The present invention relates generally to the fields of 
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nuclear receptors, the retinoic acid receptors (RARs) and the retinoid 
X receptors (RXRs). Like other members of the nuclear receptor 
superfamily, the retinoid receptors transactivate their target genes 
by binding to specific sites called hormone response elements found 
5 within the 5' regulatory region of the target gene. 

The highest affinity hormone response elements for the 
retinoid receptors, as well as the vitamin D receptor (VDR), thyroid 
hormone receptors (TRs) and peroxisome proliferative activated 
receptors (PPARs) have been characterized as direct repeats of the 

1 0 canonical hexad, AGGTCA, separated by one to five nucleotides. RAR, 

VDR, TR and PPAR preferentially bind to their hormone response 
elements in vitro as heterodimers complexed with RXR. 
Reconstitution studies in yeast and RXR gene disruption experiments 
in mice confirm the function of the RXR heterodimer and suggest that 
15 it has an obligatory role in vivo as well as in vitro. Thus, RXRs 
appear to be essential pleiotropic regulators of several signaling 
pathways. 

In terms of retinoid signaling, two distinct pathways are 
known, the RXR/RAR heterodimer and RXR homodimer. The 

2 0 RXR/RAR heterodimer mediates all-trans retinoic acid or 9-cis 

retinoic acid action through its high affinity binding to a direct repeat 
response element having a spacer of 5 nucleotides, i.e., a DR5 
element, and to some extent DR2 elements. Recently, it has been 
shown that when the RXR/RAR heterodimer is bound to DNA, RXR 
2 5 occupies the 5' half-site and RAR occupies the 3' half-site of the DR5 
element. In this configuration, RXR is unable to bind ligand and thus 



functions as a silent partner. The role of RXR as a silent partner is 
consistent with the finding that other receptors that heterodimerize 
with RXR do not require 9-cis retinoic acid for their activation. 

In the RXR homodimer, RXR acts as its own partner and 
5 mediates 9-cis retinoic acid action through binding to DR1 elements. 
Interestingly, the RXR/RAR heterodimer also binds the DR1 element 
and does so with higher affinity than the RXR homodimer. The 
consequence of this binding is that the RXR/RAR heterodimer is a 
potent repressor of 9-cis retinoic acid activation through the RXR 

1 0 homodimer. These findings suggest that in order for the RXR 
homodimer to be active, i.e., for RXR to be able to function in vivo as 
a 9-cis retinoic acid receptor), the ratio of RXR to RAR in a cell must 
be very high. This may explain why cells that endogenously express 
RXR and RAR yield significant retinoid responses with DR5 containing 

15 reporter genes but do not yield any response with DR1 -containing 
reporter genes, unles RXRs are overexpressed in these cells. 

Recently, an orphan member of the nuclear receptor 
superfamily, named LXRot, in the presence of RXR ligand, e.g., 9-cis 
retinoic acid, is a potent inducer of transactivation through a distinct 

2 0 retinoid response element. The LXRot response to retinoids is due to 
the unique interaction of LXRot with endogenous RXR in cells. This 
interaction permits RXR to work as an active, ligand-binding 
heterodiineric partner. LXRot has the ability to function as a tissue- 
specific mediator of a novel retinoid-responsive pathway. 

2 5 The prior art is deficient in the lack of the ability to 

transactivate LXRrx in vivo. The prior art is further deficient in the 
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lack of a nuclear receptor signaling pathway for oxysterols and 
methods to manipulate the use of LXRa as a sensor of cholesterol 
metabolites. The present invention fulfills this longstanding need 
and desire in the art. 

5 

SUMMARY OF THE INVENTION 

Cholesterol and its oxysterol congeners are important 

10 constituents of cell membranes and function as intermediates in 
several crucial biosynthetic pathways. These compounds also 
autoregulate their metabolic fate by end-product repression and by 
activation of down-stream catabolism*. While end-product 
repression of transcriptional targets by oxysterols is relatively well 

15 understood 2 , the mechanism by which these compounds act as 
positive transcription signaling molecules is unknown. The present 
invention identifies a specific group of endogenous oxysterols that 
activate transcription through the nuclear receptor, LXRa. 
Transactivation of LXRa by oxysterols occurs at concentrations at 

2 0 which these compounds are known to exist in vivo. The most potent 
activators are sterols that also serve as intermediary substrates in 
the rate-limiting sieps of three important metabolic pathways: a) 
steroid hormone biosynthesis, b) bile acid synthesis, and c) 
conversion of lanosterol to cholesterol. The present invention 

2 5 demonstrates the existence of a nuclear receptor signaling pathway 
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for oxysterols and indicates that LXRa likely plays an important role 

as a sensor of cholesterol metabolites. 

In one embodiment of the present invention, there is 

provided a method of screening for agonists of an oxy sterol activator 
5 of LXRa transcription, comprising the steps of: introducing a reporter 

construct and an LXR expression construct into a host cell; treating 

the host cell with potential LXR-specific ligands; and identifying 

compounds which activate LXRa transcription. 

In another embodiment of the present invention, there is 
1 0 provided a method of screening for antagonists of an oxysterol 

activator of LXRa transcription, comprising the steps of: introducing a 

reporter construct and an LXR expression construct into a host cell; 

pretreating the host cell with activators of LXRa transcription; 

contacting the host cell with potential antagonists of LXRa 
1 5 transcription; and identifying compounds which block the activation 

of LXRa transcription. 

In another embodiment of the present invention, there is 

provided a method of enhancing the activation of LXRa transcription 

in a cell, comprising the step of contacting said cell with a 
2 0 pharmacologically effective dose of an oxysterol, said oxysterol 

selected from the group consisting of 22(R)-hydroxycholesterol, 

20(S)-hydroxychole sterol, 24-hydroxycholesterol, and 25- 

hydroxycholesterol, 7a-hydroxycholesterol, and FF-MAS. 

Other and further aspects, features, and advantages of 
2 5 the present invention will be apparent from the following description 
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of the presently preferred embodiments of the invention given for 
the purpose of disclosure. 



BRIEF DESCRIPTION OF THE DRAWINGS 

5 

So that the matter in which the above-recited features, 
advantages and objects of the invention, as well as others which will 
become clear, are attained and can be understood in detail, more 
particular descriptions of the invention briefly summarized above 
1 0 may be had by reference to certain embodiments thereof which are 
illustrated in the appended drawings. These drawings form a part 
of the specification. It is to be noted, however, that the appended 
drawings illustrate preferred embodiments of the invention and 
therefore are not to be considered limiting in their scope. 
0^15 flgnrr 1 nhpwi thnt thr hi iman - T YRrv is activated by 

gonad sterols. Fij^n^ LXRa ligand 

binding domain (LBD) with testis extract. CV-1 cells were 
cotransfected with a GAL4 responsive luciferase reporter plasmid 
and an expression plasmid encoding no receptor or a chimeric 
2 0 receptor composed of the GAL4 DNA binding domain fused to the 
LXRa ligand binding domain (LBD) (GAL4-LXRa) 3 . After transfection, 
cells were treattjc^wijjh ethangj ^ETOH) or 1% of the concentrated 




testis extract, rfgura — 1R shows thr 1 1 nnsacti vnti-QLQ of LXRa with 
follicular fluid meiosis activating substance (FF-MAS). CV-1 cells 
2 5 were cotransfected with an LXRa responsive reporter plasmid and 
the receptor expression plasmids for LXRa alone or with RXRa. After 
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transfection, cells were treated with ETOH or 50 mM FF-MAS. Inset 
shows the structure of FF-MAS. 
£^ T^ig^rt 2 shpw^ that - LXRa is activated by a specific 




£^subset of oxysterols. ' YftguitFlffiffifio^'s - tho npooifioit y of LXRa 
5 activators. Shown is a representative group from 70 compounds 
evaluated for LXRa activity (10 jiM) in cotransfection assays as 
^jdescribed in Figure' IB. In addition to the compounds shown, 
farnesolArtfatty acids, and lanosterol precursors had no LXRa activity. 




/> ^fghrr ?K — show * the structure-activity relationship of LXRa 
1 0 activators. Data compiled from Figure - 2A and other experiments (not 
shown) reveal that the position of the hydroxyl on the cholesterol 
backbone is a determinant of LXRa activity. Circles and squares 

represent the positions at which hydro ^jA^Aj^ U( ^J lder ^ 
(X, compound active or inactive, respectively. NPifuiu lC sliuwii that 
Q^l 5 xoj»petftid 22(R)-hydroxycholesterol (HC) is the most potent LXRa 
activator. Dose response curves for LXRa activators were generated 
Q^in CV-1 cell cotransfection assays as described in ^Figure ■ IB. The 
EC50 for LXRa activators are 1.5 |iM 22(R)-hydroxycholesterol, 1.6 

H.M 20(S)-hydroxycholesterol, 1.6 u.M 24-hydroxycholesterol, and 3.5 
20 |i,M 25-hydroxycholesterol, 7(3-hydroxycholesterol, and FF-MAS. 
A . ^ignfe - ^3 ^ar^w^ttia - t — Hre — activation by 22(R)- 

hydroxycholesterol is LXRa-specific and occurs in a ligand-dependent 
manner. Figure 3A shows the receptor-specific transactivation by 
22(R)-hydroxycholesterol. CV-1 cells were cotransfected with the 
25 following expression plasmids containing various nuclear receptors 
and lucifcrase reporters containing their cognate response 



7 



elements 16 : human LXRa, TK-LXREx3-LUC; TK-LXREx3-LUC; human 
retinoid X receptor-a (RXRa) 21 , TK-CRBPII-LUC; human retinoic acid 
receptor-a (RARa) 22 , TK-DR5-LUC; human thyroid hormone 
receptor-p (TRp) 23 , TK-DR4-LUC; human vitamin D receptor (VDR) 24 , 
5 TK-DR3-LUC; human peroxisome proliferator-activated receptor-a 
(PPARa) 25 , TK-PPREx3-LUC; human farnesol activated receptor 
(FXR) 11 , AMTV-EcREx5-LUC; human estrogen receptor (ER) 26 , AMTV- 
ERE-LUC; human glucocorticoid receptor (GR) 27 , MTV-LUC; Drosophila 
ecdysone receptor (usp/EcR) 15 , AMTV-EcREx5-LUC. Cells were 

10 treated with ETOH or 6 jiM 22(R)-hydroxycholesterol. Data are 
expressed as the fold induction of 22(R)-hydroxycholesterol-induced 
activation over ETOH controls. As a positive control for each 
receptor, cells were treated with saturating concentrations of their 

/? cognate ligands (data not shown). Figure 3D olrrjwa the activation oi 

15 LXRa by 22(R)-hydroxycholesterol in Drosophila (SL-2) cells. Cells 
were co-transfected with an LXR responsive reporter plasmid and 
expression plasmids containing RXRa or LXRa alone, or in 
combination and then treated with ETOH or 10 \iM 22(R)- 
Q^hydroxycholesterol. ' ra^rV^C^gh^m^c rospongivencas to 22(R)- 

20 hydroxycholesterol is mediated through the ligand binding domain of 
LXRa. Shown above the panels are the schematic representations of 
the LXR-TR and TR-LXR chimeric receptors used in these 
experiments. CV-1 cells were cotranslected with TK-LXREx3-LUC 
reporter plasmid and expression plasmids containing the indicated 

25 cecentOK. combinations, and then treated with the indicated ligands. 

A Jt^voJ]) lihowii Mhat the RXR/LXR heterodimer is synergistically 



activated by 9-cis retinoic acid (9-cis RA) and 22(R)- 
hydroxycholcsterol. CV-1 cells cotransfected with the LXRa 
expression plasmid and TK-LXREx3-LUC reporter were treated with 
9-cis RA, 22(R)-hydroxycholesterol, or both, at the indicated 
5 concentrations.^ 

jfgurc^ l ^uw^ tl n . pro t rn s r protection of LXRa with 
22(R)-hyclroxycholesicrol. [ 35 S]-labelled LXRa protein was incubated 
Jft^ft^ with ^Q 22 ( R ) li^Jiux^Lh u leoterol or ethanol (ETOH) contro l, 

subjected to protease digestion with increasing amounts of 
10 chymotrypsin, and analyzed by SDS-PAGE and autoradiography. The 
arrowhead depicts a novel digestion product specifically protected by 
22(R)-hydrox vcholesterol. 
^ F i ^trriT 5 shows the metabolic fates of oxy sterols. LXRa 

activators follicular fluid meiosis activating substance, 20(S)- 
15 hydro xy cholesterol, 22(R)-hydroxycholesterol, 7a - 
hydroxycholesterol, and 27-hydroxycholesterol are positioned at the 
rate-limiting steps of three important metabolic pathways: 
conversion of lanosterol to cholesterol, steroid hormone synthesis, 
and bile acid synthesis. 

20 



DETAILED DESCRIPTION OF THE INVENTION 



The present invention is directed to the use of certain 
2 5 oxy-sterols and their derivatives as ligands for the nuclear receptor, 
LXR. Further, the present invention is directed to the use of LXR as a 
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means of screening for agonists and antagonists of cholesterol 
metabolism. More specifically, the present invention discloses that 
particular derivatives of cholesterol that are hydroxylated on the 
side chain can selectively activate the nuclear orphan receptor LXR. 
5 Activation of LXR leads to a specific increase in transcription of LXR 
target genes. 

These cholesterol derivatives are natural products that 
are involved at the rate-limiting step of two critical biosynthetic 
pathways: steroid hormone synthesis and bile acid synthesis. The 

10 ability of these compounds to activate transcription through a 
nuclear receptor suggests that they are important regulators of these 
two pathways. Thus, these oxysterol compounds function similar to 
hormones and LXR functions as their receptor and as such both are 
ideal pharmaceutical targets. Commercially, these oxysterol 

1 5 compounds could he used to regulate cholesterol metabolism and/or 
steroid biosynthesis directly or as parent compounds for the 
development of other agonists and/or antagonists of LXR. The LXR 
receptor would be used as a tool to screen for pharmaceuticals 
usefuls as agonists and/or antagonists of LXR. 

20 The present invention represents the first discovery of 

ligand activators lor the orphan receptor, LXR and the first 
demonstration of a nuclear receptor for oxysterols. Taken together, 
these findings indicate that LXR is a molecular sensor for the 
regulation of cholesterol metabolism at a transcriptional level and 

2 5 the signals which directly trigger this sensor are the oxysterol 
compounds described herein. 
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Most agents that are currently used to modulate 
cholesterol in the body are targeted against cholesterol synthesis, 
transport and cellular uptake. The present invention indicates that a 
downstream regulatory step exists for the metabolic clearance of 
5 cholesterol. Since a receptor mediated process is involved, agonists 
and antagonists to the LXR ligands can be developed and a person 
having ordinary skill in this art therefore can specifically manipulate 
this process using the natural ligands as lead compounds and LXR as 
a means to screen these compounds for activity. These compounds' 

1 0 ability to serve as the immediate substrate for cholesterol side-chain 
cleavage (the rate limiting step in steroid hormone biosynthesis) 
demonstrates that these compounds may be hormonal signals that 
regulate this pathway. Futhermore, the fact that this pathway is 
receptor-mediated suggests that it can be directly manipulated by 

1 5 the development of high affinity, high specific activity LXR ligands 
that are derived from the use of the natural compounds described 
herein. 

The natural LXR ligands are potential drugs or drug 
targets for the treatment of aberrant cholesterol metabolism and/or 

2 0 steroid hormone biosynthesis. The receptor, LXR, provides a means 
for identifying and evaluating the activity of such drugs. Specific 
receptors that bind and direct the upregulated transcriptional 
responses of cholesterol metabolites in vivo have not been 
previously identified. The present invention defines both the 

2 5 specific receptor target, i.e., LXR, and also the specific chemical agents 
responsible for such signalling. 

1 1 



The methods of the present invention may employ a 
reporter gene that confers on its recombinant hosts a readily 
detectable phenotype. Generally, reporter genes encode a 
polypeptide not otherwise produced by the host cell which is 
5 detectable by in situ analysis of the cell culture, e.g., by the direct 
fluorometric, radioisotopic or spectrophotometry analysis of the cell 
culture without the need to remove the cells for signal analysis from 
the culture chamber in which they are contained. In one example, 
the gene mav encode an enzyme which produces colorimetric or 

10 fluorometric change in the host cell which is detectable by in situ 
analysis and which is a quantitative or semi-quantitative function of 
transcriptional activation. Representative examples include 
esterases, phosphatases, proteases and other enzymes capable of 
being detected by activity which generates a chromophore or 

15 fluorophore as will be known by those individuals having ordinary 
skill in this art. One well known example is firefly luciferase. 
Another example is E. coli beta-galactosidase, an enzyme which 
produces a color change upon cleavage of the indigogenic substrate 
indolyl-B-D-gnlactoside by cells bearing beta-galactosidase. 

2 0 Another class of reporter genes which confer detectable 

characteristics on a host cell are those which encode polypeptides, 
generally enzymes, which render their transformants resistant 
against toxins, e.g., the neo gene which protects host cells against 
toxic levels of the antibiotic G418; a gene encoding dihydrofolate 

2 5 reductase, which confers resistance to methotrexate, or the 
chloramphenicol acetyltransferase (CAT) gene. 

12 



The present invention is directed to a method of 
screening for agonists of an oxysterol activator of LXR transcription, 
comprising the steps of: introducing a reporter construct and an LXR 
expression construct into a host cell; treating the host cell with 
5 potential LXR-specific ligands; and identifying compounds which 
activate LXR transcription. In another embodiment, this method 
further comprises introducing an RXR expression construct into said 
host cell. 

In this method of screening for agonists of an oxysterol 

1 0 activator of LXR transcription of the present invention, the LXR 
expression construct is selected from the group consisting of CMX- 
LXR, CMX-gal-LXR. RSV-LXR and A5C-LXR. Preferred forms of LXR 
include human, rat or mouse LXR in the methods of the present 
invention. Representative nuclear receptors include the retinoic acid 

15 receptor, vitamin D receptor, thyroid hormone receptor, estrogen 
receptor, the progesterone receptor, farnesol (FXR) receptor, 
ecdysone receptor and the PPAR receptor. 

In this method of of screening for agonists of an oxysterol 
activator of LXR transcription the present invention, the host cell is 

2 0 selected from the group consisting of mammalian cells, such as CV1, 
HeLa, HepG2, COS, 293, F9, 3T3 and drosophila cell such as Schneider 
SL2. A person having ordinary skill would readily recognize that 
other host cell may be used. 

In this method of screening for agonists of an oxysterol 

2 5 activator of LXR transcription of the present invention, the reporter 
construct is selected from the group consisting of TK-LXRE-LUC, TK- 
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LXRE-CAT, ADH-LX RE-LUC, ADH-LXRE-CAT, TK-gal4 UAS -LUC, TK- 
gal4 UAS -CAT. These latter 2 reporter constructs would be used with 
the expression construct described above containing gal4. 

In this method of screening for agonists of an oxysterol 
5 activator of LXR transcription the present invention, the means to 
identify compounds which activate LXRa transcription construct 
would be well known to those having ordinary skill in this art. 
Preferred means to identify compounds which LXRa transcription are 
selected from the group consisting of lucifcrase assay, a CAT assay, a 

10 beta-galactosidase assay, measuring reporter enzyme levels using 
such instument or techniques as luminometer, spectrophotometer 
and thin layer chromatography. 

In another method of the present invention, one may 
screen for antagonists of an oxycholcsterol activator of LXRa 

15 transcription. This method comprises the steps of: introducing a 
reporter construct and an LXR expression construct into a host cell; 
pretreating the host cell with an activator of LXRa transcription; 
contacting the host cell with potential antagonists of LXRa 
transcription; and identifying compounds which block the activation 

20 of LXRa transcription. 

In this method of screening for antagonists of an 
oxysterol activator of LXR transcription of the present invention, the 
LXR expression construct is selected from the group consisting of 
CMX-LXR, CMX-gal-LXR, RSV-LXR and A5C-LXR. Preferred forms of 

2 5 LXR include human, rat or mouse LXR in the methods of the present 
invention. Representative nuclear receptors include the retinoic acid 
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receptor, vitamin I) receptor, thyroid hormone receptor, estrogen 
receptor, the progesterone receptor, farnesol (FXR) receptor, 
ecdysone receptor and the PPAR receptor. 

In this method of of screening for antagonists of an 
5 oxysterol activator of LXR transcription the present invention, the 
host cell is selected from the group consisting of mammalian cells, 
such as CV1, HeLa, HepG2, COS, 293, F9, 3T3 and drosophila cell such 
as Schneider SL2. A person having ordinary skill would readily 
recognize that other host cell may be used. 

10 In this method of screening for antagonists of an 

oxysterol activator of LXR transcription of the present invention, the 
reporter construct is selected from the group consisting of TK-LXRE- 
LUC, TK-LXRE-CAT, ADH-LXRE-LUC, ADH-LXRE-CAT, TK-gal4 UAS -LUC, 
TK-gal4 UAS -CAT. These latter two reporter constructs would be used 

15 with the expression construct described above containing gal4. 

In this method of screening for antagonists of an 
oxysterol activator of LXR transcription the present invention, the 
means to identify compounds which block the activatation of LXRoc 
transcription won Id be well known to those having ordinary skill in 

2 0 this art. Preferred means to identify compounds which LXRoc 
transcription are selected from the group consisting of luciferase 
assay, a CAT assay, a beta-galactosidase assay, measuring reporter 
enzyme levels using such instument or techniques as luminometer, 
spectrophotometer and thin layer chromatography. 
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The following examples are given for the purpose of 
illustrating various embodiments of the invention and are not meant 
to limit the present invention in any fashion. 



EXAMPLE 1 



Effect of bull testis extract and FF-MAS on transcription of LXRoc 

Organic extraction of breeding bull testis was performed 

10 as described^. Briefly, 12 grams of lyophilized testis was extracted 
with N-heptane and lipids were concentrated by roto-evaporation. 
Aliquots representing 1% of this material were assayed. FF-MAS was 
synthesized as described 1 **. Transient transfections in CV-1 monkey 
kidney cells were performed in triplicate in 48-well plates as 

15 described 3 with media containing 5% cabosil-treated calf bovine 
seru m. 

Transfections were performed in Figure 1A using 80 ng 
of TK-MH100x4-LUC reporter and 30 ng of CMX-GAL4-hLXRoc 
expression plasmids per well; and in Figure IB using 50 ng of TK- 

2 0 LXREx3-LUC reporter and 25 ng of CMX-hLXRa alone or with 25 ng 
CMX-hRXRa expression plasmids per well. Candidate ligands were 
dissolved in ethanol and added 8 hours post-transfection. As an 
internal standard, 50 ng of CMX-(3gal was included in all 
transfections. All plasmid constructs and determinations of 

25 luciferase and p-galactosidase activities have been described^* To 
construct CMX-LXRa, the hLXRa cDNA insert was excised from the 
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plasmid pXR2DRV (Willy, et al., 1995, Genes Dev. 9: 1033-1045) with 
Kpnl and Bam HI and was ligated into the expression vector CMX. 
CMX-pgal was constructed by ligating the p-galactosidase gene into 
the expression vector CMX. Chimeric Gal4-receptor expression 
5 plasmid (CMX-GAL4-LXRa) was constructed by first ligating the 
GAL4 portion of pSG424 (Sadowski, I. and M. Ptashne, 1989, Nucleic 
Acids Res. 17: 7539-7530) into the Hindlll/SacI sites of pCMX 
(Umesono, et al., 1991, Cell 65: 1255-1266) to create pCMX-GAL4. 
This vector contains the CMV promoter fused to the coding sequence 
10 for GAL4 (1-147), followed by inframe polylinker cloning sites and 
translational stop codons. The cDNAs encoding the ligand-binding 
domain (LBD) of hLXRcc (amino acids 166-447) was then ligated into 
the polylinker to create CMX-GAL4-LXRa. 

i / Reporter plasmids for these studies were constructed by 
15 ligating the appropriate oligonucleotides into the Hindlll site of the 
TK-LUC vector to create TK-LXREx3-LUC, TK-MH100x4-LUC (Kang, T., 
et al., 1993, /. mol Chem. 268: 9629-9635). The sense strand of the 
LXRE oligonucleotide used to construct the reporter plasmid TK- 
LXREx3\-LUC was 
20 5'agcttGCGGTTCCcV.GGGTTTAAATAAGTTCATCTAGAT3\ All 
constructs were verified by sequencing. Data are presented as 
relative light units (R\LUs) and represent the mean of triplicate 
assays ± standard errorA 

Human LXRa is an orphan member of the nuclear 
2 5 receptor superfamily that has the potential to function as a ligand- 
dependent transcription factor when complexed with its 
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heterodimeric partner, the retinoid X receptor (RXR) J . To identify 
LXRa ligands, concentrated lipid extracts from a variety of tissues 
were prepared and tested for an ability to activate LXRa in a high 
throughput cotransfection assay similar to that used to identify 
5 ligands for other receptors 4 ' 5 . For the initial screening, a chimeric 
receptor was used in which the ligand binding domain of LXRa was 
fused to the DNA binding domain of the yeast transcription factor 
GAL4 3 . The resultant GAL4-LXRa expression plasmid was 
cotransfected along with a GAL4-responsive luciferase reporter 

10 plasmid into CV-1 cells and challenged with concentrates from 
several tissue sources. 

In the pgal and luciferase assays, cells were harvested 36 
hours after addition of ligand. lysed, and the cytosols analyzed for 
luciferase and p-galactosidase activity using a Dynatech microtiter 

15 plate model ML3000 luminometer and a model MR5000 
spectrophotometer, respectively. All transfection data points were 
normalized to the internal p-galactosidase marker (Mangelsdorf et 
aL, 1990) and are the mean of triplicate assays ± standard error. 

A significant (6 fold) induction of luciferase activity was 

2 0 seen with extracts derived from breeding bull testis (Figure 1A). The 
migration of this lipid activity on reverse phase HPLC (data not 
shown) suggested that the compound might be related to a class of 
sterols, termed meiosis activating sterols (MAS), recently isolated 
from gonads^. 

2 5 To demonstrate that these sterols were LXRa activators, 

one of these compounds, FF-MAS (Figure IB, inset), was synthesized 



de novo and tested in the colransfection assay using wild-type LXRoc 
and a lucifcrase reporter plasmid containing the LXR response 
element (TK-LXREx3-LUC) 3 . In agreement with the results from 
testis extracts, a 5-6 fold induction of transcription by LXRoc was seen 
5 in the presence of FF-MAS (Figure IB). Expression of RXRa above the 
endogenous level in CV-1 cells results in an enhancement of the 
LXRoc response, consistent with the finding that LXRot and RXRa form 
an obligate heterodimer 3 . 

10 

EXAMPLE 2 

Specific oxysterol aclivatation oT LXRoc 

27-hydroxycholesterol was obtained from Dr. Norman 
15 Javilt; 24-hydroxycholesterol was obtained from Drs. Erik Lund and 

David Russell; 7a,25-dihydroxycholesterol was obtained from Drs. 

Margrit Schwarz and David Russell; isomers of 20,22- 

hydroxycholesterol were synthesized as described^ or obtained 

from Dr. J. Mason. All other sterols were purchased from Steraloids, 
20 Inc. (Wilton, NH) or Research Plus, Inc. (Bayonne, NJ); all steroid 

hormones and other receptor ligands were purchased from Sigma (St. 

Louis, MO). 

In addition to regulating meiosis, FF-MAS is a 
biosynthetic precursor to cholesterol. The ability of FF-MAS to 
2 5 specifically induce LXRoc transactivation led to an examination of 
related compounds in the cholesterol metabolic pathway which might 
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also activate LXRa. Over 70 compounds were tested, including the 
known nuclear receptor ligands and several intermediates in the 
biosynthetic pathways leading to cholesterol, steroid hormones, and 
bile acids. Remarkably, only a specific group of oxysterols were 
5 observed to activate (5 to 15-fold) LXRa (Figure 2A). 

E XAMPLE 3 

Structure-activity relationships of oxysterol activators of LXRa 

1 0 transcription 

The structure-activity relationships of these compounds 
reveal a requirement for the 3p-hydroxyl group of cholesterol and an 
additional hydroxyl group preferentially located on the side chain of 
the molecule (Figure 2B). The strongest LXRa activator is a naturally 

15 occurring compound, 2 2(R)- hydroxy cholesterol 22(R)- 
hydroxycholesterol. Significantly, the S enantiomer of this molecule 
22(S)-hydroxycholesterol is completely inactive (Figure 2A). Thus, 
both the precise location and the stereochemistry of the hydroxyl are 
important for activity. 

20 The position of the second hydroxyl group allows a 

distinct rank order of potency to be assigned 22(R)- 
hydroxycholesterol > 2 0(S)- hydroxy cholesterol > 24- 
hydroxy cholesterol > 25 - hydroxy cholesterol = 7a - 

hydroxycho1estero1= FF-MAS), with 22(R)-hydroxycholesterol giving 

2 5 the most potent, saturable response (EC5Q=1.5 jaM, Figure 2C). The 

concentrations at which these sterols are able to elicit an LXRa 

20 



response are within their known physiological range 7 ' 10 . 
Furthermore, these concentrations are at or below those required for 
ligand-dependent activation of other nuclear receptors (e.g. FXR and 
PPAR) 11 ' 1 ^ and the sterol-mediated repression of transcription 
5 modulated by sterol regulatory clement binding proteins (i.e., 
SREBPs) 2 . These observations are strong evidence that these sterols 
may function as physiologically relevant activators of LXRa. 

1 0 EXAMPLE 4 

S pecificity of the LXRa transactivation activator 22(RV 
hyd rox ycholesterol 

All transfection assays were performed in triplicate as 
15 described in Figure IB. In Figure 3B, Drosophila SL-2 cells were 
transfected and assayed as previously described^ in 6-well plates 
with I mg A5C-hLXRa or A5C-hLXRa + A5C-hRXRa, 0.5 mg ADH- 
LXREx2-LUC, 0.2 mg A5C-(3GAL and 8 mg PGEM4 carrier DNA per 
well. In Figure 3C, chimeric receptors were constructed by fusing the 

2 0 cDNA encoding the human LXRa N-terminus and DNA binding 

domain (amino acids 1-163) with the ligand binding domain of 
human TRp (amino acids 170-456) to make CMX-hLXR-TR, and by 
fusing the cDNA encoding the TR(3 N-terminus and DNA binding 
domain (amino acids 1-169) with the ligand binding domain of LXRa 
2 5 (amino acids 164-447) to make CMX-hTR-LXR. 
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The unique structure-activity relationships for the LXRa 
activators described above arc a hallmark feature of a receptor- 
mediated response. Consisteni with this notion, transactivation by 
the most potent activator, 22(R)-hydroxycholesterol , is LXRa specific 
5 and shows no cross-reactivity with a variety of other known nuclear 
receptors (Figure 3A). This activity requires both LXRa and its 
response element, and is not observed on response elements of other 
nuclear receptors (data not shown). 

10 

EX AMPLE 5 

Co-ii ansfection of LXRa with RXRa 

To further demonstrate that the oxysterol response is 

15 LX Ra-dependenL whether this pathway could be recapitulated in a 
heterologous system was examined. The insect cell line, SL-2, which 
lacks mammalian nuclear receptors and is deficient in the metabolic 
pathways for cholesterol and bile acid synthesis 14 , was used as a 
transfection host in these experiments. These cells contain 

20 ultraspiracle 15 , an RXR homologue that can form a functional 
heterodimer with LXRa on its response element (data not shown). 
Consequently, transfection of LXRa alone into SL-2 cells results in a 
6-fold induction by 22(R)-hydroxycholesterol (Figure 3B). As 
expected, when RXRa is cotransfected with LXRa, a robust (26-fold) 

2 5 increase in 22(R Vhydroxycholcsterol induction occurs (Figure 3B). 
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Taken together, ihcsc data illustrate that LXRa directly mediates the 
22(R )-hydroxycholcslerol transcriptional response. 

5 EXAMPLE 6 

Requ irement of LBD of LXRa lor sterol responsiveness 

One characteristic of all ligand activated nuclear receptors 
is i lie presence of a functionally transferable, ligand binding 

10 domain 16 . To examine such a domain in LXRa that is responsive to 
22(R )-hydroxycholesterol , two chimeric receptors (TR-LXR and LXR- 
TR) were expressed in which the ligand binding domain of the 
thyroid hormone receptor (TR(3) and the corresponding region of 
LXRa were exchanged (Figure 3C). TR(3 was chosen for these studies 

15 because both TRf3 and LXRa can bind and transactivate the same 

response element (i.e.. the LXRE)^. 

As RXR heterodimers, LXRa and TR[3 respond to their 
cognate ligands (Figure 3C). However, when the amino terminus and 
DNA binding domain of TR0 are fused to the putative ligand binding 

2 0 domain of LXRa, the resultant TR-LXR chimera responded to 22(R)- 
hydmxycholesterol, but not thyroid hormone (Figure 3C). The 
reciprocal chimera, LXR-TR loses responsiveness to 22(R)- 
hydi oxycholesterol, but gains responsiveness to thyroid hormone. 
These experiments demonstrate that the ligand binding domain of 

25 LXka is required for sterol responsiveness and that this region alone 
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can iransfer sterol inducibility to another protein, further supporting 
the proposal that LXRa is a sterol responsive receptor. 

A subset of receptors that function as RXR heterodimers 
have the unique ability to be activated by their own ligand, the RXR 
5 ligand (i.e., 9-cis retinoic acid), or both ligands together 11 * 17 . The 
RXR/LXR heterodimer falls inlo this category of receptors, since this 
heterodimer can be activated by 9-cis retinoic acid or 22(R)- 
hydi oxycholestcrol in a dose-dependeni manner, with maximal 
inductions of 7-foid and 20-fold, respectively (Figure 3D). 
10 Significantly, even at suboptimal concentrations, activation by both 
compounds together is more than additive, achieving a maximum 
induction of greater than 30-fold. These results are consistent with 
each receptor within the RXR/LXR heterodimer being activated by 
their respective ligand. 

15 

EX AMPLE 7 

Protease protection assay 

2 0 In vitro synthesized [ 35 S]-Iabelled Flag-LXRa protein was 

subjected to protease digestion with a -chymotrysin. For these 
studies, LXRa with a Flag epitope fused to the amino terminus was 
used. The Flag epitope increases the efficiency of translation and 
does not interfere with LXRa activity as determined by DNA binding 

2 5 and transfection studies. 
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The unavailability of radiolabeled LXRa activators 
prevents direct ligand binding analysis. To address the possibility 
thai 22(R)-hydroxycholesteroI interacts with LXRa, a limited 
protease protection assay was performed (Figure 4). In this 
5 experiment, several proteolytic fragments were generated when 
LXKoc protein was incubated with increasing concentrations of the 
protease, chymotrypsin. Of these fragments, only a unique 30 kDa 
fragment (arrow in Figure 4, right panel) was consistently observed 
in the presence of 22(R)-hydroxycholesterol but nat ethanol (Figure 

10 4, left panel) or 9-cis retinoic acid and cholesterol (data not shown). 
The presence of a specific ligand-protected -30 kDa fragment has 
also been observed during similar analyses with other nuclear 
receptors. Thus, these protease protection studies support the 
finding that 22(R)-hydroxycholesterol interacts with LXRa. 

15 The ability of oxysterols to activate transcription through 

the mclear receptor LXRa has several implications for the function of 
these compounds /'// vivo. Their rank order of potency is distinct 
from that which modulates end-product repression of cholesterol 
through SREBP, suggesting that these sterols will have novel 

2 0 functions as activators. For example, FF-MAS has been shown to 
regulate meiosis^, suggesting that LXRa or related receptors may 
fundi on in the gonads. Further clues to the function of these sterols 
may come from an inspection of their metabolic fates (Figure 5). 
LXRa activators exist at the rate-limiting steps of three important 

2 5 pathways: steroid hormone biosynthesis, bile acid synthesis, and 
conversion of lanosterol to cholesterol. While further metabolism 



may yield more potent activators, the present invention clearly 
demonstrates Mint the immediate upstream and downstream 
metabolites of these activators (Figure 4) are significantly less potent 
(Figure 2A), implying that compounds such as 22(R)- 
5 hydroxycholesterol function as ligands. 

Studies to synthesize radiolabeled compounds addresses 
ligand binding properties. In many metabolic pathways, modulation 
of the rate-limiting steps is often accomplished by feed-back or feed- 
forward regulatory loops. LXRrx may act as a sensor of specific 
1 0 sterols (e.g. 22(R)-hydroxycholesterol) and thereby transcriptionally 
regulate a crucial metabolic pathway (e.g., steroid hormone 
biosynthesis). Consistent with this, the pattern of expression of LXRct 
is specific to tissues where these pathways exist, such as liver, 
intestine, and adrenals 3 . That LXRcx mediates oxysterol-induced 
15 transactivation suggests that, as is the case with retinoids and 
steroids, a spec! lie class of nuclear receptors exists for oxysterols. 
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Any patents or publications mentioned in this 
specification arc indicative of the levels of those skilled in the art to 
which the invention pertains. These patents and publications are 
herein incorporated by reference to the same extent as if each 

2 5 individual publication was specifically and individually indicated to 

be incorporated by reference. 
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One skilled in the art will readily appreciate that the 
present invention is well adapted to carry out the objects and obtain 
the ends and advantages mentioned, as well as those inherent 
therein. The present examples along with the methods, procedures, 
treatments, molecules, and specific compounds described herein are 
presently representative of preferred embodiments, are exemplary, 
and are not intended as limitations on the scope of the invention. 
Changes therein and other uses will occur to those skilled in the art 
which are encompassed within ihe spirit of the invention as defined 
by thr scope of the claims. 
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